Background: There has been growing interest in the overdiagnosis of breast cancer as a result of mammography screening. We report incidence rates in British Columbia before and after the initiation of population screening and provide estimates of overdiagnosis.
Methods:
We obtained the numbers of breast cancer diagnoses from the BC Cancer Registry and screening histories from the Screening Mammography Program of BC for women aged 30-89 years between 1970 and 2009. We calculated age-specific rates of invasive breast cancer and ductal carcinoma in situ. We compared these rates by age, calendar period and screening participation. We obtained 2 estimates of overdiagnosis from cumulative cancer rates among women between the ages of 40 and 89 years: the first estimate compared participants with nonparticipants; the second estimate compared observed and predicted population rates.
Results:
We calculated participation-based estimates of overdiagnosis to be 5.4% for invasive disease alone and 17.3% when ductal carcinoma in situ was included. The corresponding population-based estimates were -0.7% and 6.7%. Participants had higher rates of invasive cancer and ductal carcinoma in situ than nonparticipants but lower rates after screening stopped. Population incidence rates for invasive cancer increased after 1980; by 2009, they had returned to levels similar to those of the 1970s among women under 60 years of age but remained elevated among women 60-79 years old. Rates of ductal carcinoma in situ in creased in all age groups. apy for menopause had declined. 7 Our secondary objective was to determine the changes in population incidence of breast cancer, both invasive and ductal carcinoma in situ, following the implementation of a population-based screening program. Thus, we report an analysis of population age-specific incidence rates in British Columbia over a 40-year period .
Methods

Study population and data sources
We obtained data on invasive breast cancer and ductal carcinoma in situ diagnosed in female residents of British Columbia between 1970 and 2009 from the BC Cancer Registry. We obtained estimates of population size for the same period from BCStats. We extracted data on identifiers and mammography screens performed between 1988 (the screening program's inception) and 2009 from the Screening Mammography Program of BC database, which is a complete longitudinal record of all screens performed as part of the program. We used health plan identifiers, names and birthdates to link screening data to the data from the Vital Statistics Agency of British Columbia record of deaths and the BC Cancer Registry to identify deaths and cases of breast cancer.
Outcome measures
We calculated cancer detection rates at first screen (either invasive or ductal carcinoma in situ) as the number of cases detected divided by the number of women who underwent screening. For all other analyses, we calculated incidence rates of breast cancer by dividing the number of cases by the total time-at-risk. Where applicable, rates were standardized to the 1991 Canadian population.
We used 2 methods to estimate overdiagnosis. Each method relied on estimated cumulative rates of breast cancer among women between the ages of 40 and 89 years for the period [2005] [2006] [2007] [2008] [2009] . For the first method (the participation method), overdiagnosis was estimated using the difference between the cumulative rates of breast cancer among women undergoing active screening and women who never underwent screening or who discontinued screening (nonactive screening). For the second method (the population method), overdiagnosis was estimated using the difference between observed and predicted population cumulative rates in [2005] [2006] [2007] [2008] [2009] . The predicted rates were based on trends in 1970-1979. For the participation method, each woman's time-at-risk in 2005-2009 was dynamically allocated by attained age to 2 mutually exclusive states corresponding to periods of active and nonactive screening (Figure 1) . A woman was considered to be in an active screening state after undergoing a screen until either 60 months (5 yr) had elapsed without screening or she died. Following a diagnosis of breast cancer or reaching 80 years of age, a woman remained in her current state (i.e., active or nonactive).
We chose a period of 60 months to represent an interval in which rates would likely be influenced by previous screening based on estimates of sojourn times. 8 Women who were in the active screening group stayed there after 80 years of age to identify any compensatory drop in rates (due to early detection) when screening ceased. 9 We calculated total age-specific activescreening times-at-risk by summing contributions from individual women. We determined total agespecific nonactive-screening times-at-risk by subtracting the corresponding total for active screening from the total times-at-risk obtained from published mid-year population totals. Women who never underwent screening thus contribute to the nonactive screening times-at-risk. Breast cancer diagnoses, other than those determined by the results of a first screen, were allocated to age-specific active and nonactive screening states according to the age and state of the woman at diagnosis.
We calculated age-specific detection rates at first screen for women first undergoing mammography in 2005-2009. We calculated age-specific incidence rates for women in both the active and nonactive screening states. We calculated the cumulative rates of cancer between the ages of 40 and 89 years by summing the relevant agespecific incidence rates. To calculate the cumulative rate while in active screening, we added the first-screen detection rate at age 40 to reflect the impact of the first screen on cumulative risk.
For the population method, we obtained pre- Research have been primarily driven by population aging and growth, as suggested by the changes in person years-at-risk during each period (Table 1) . Age-standardized rates of invasive cancer in women over 60 years of age tended to peak around 1990, whereas the rates in women less than 60 years of age showed no consistent pattern (Figure 2 ). Linear calendar trends in age-specific rates during the period 1970-1979 were not significant in any age group ( Table 2) . Rates of invasive breast cancer did not decline significantly in any age group and significantly increased only for women aged 60-79 years ( Table 2) . After 1980, rates of ductal carcinoma in situ increased in all age groups but appeared to level off after 2000 (Figure 3 ). Using the rates from 1970-1979 as the reference groups, the rate ratio for ductal carcinoma in situ for the period 2005-2009 was significantly increased for all women under 80 years of age and showed the highest increases in age groups eligible for screening ( Table 2) .
The rate of invasive cancer detected at a first screen generally increased with age, but the rate of ductal carcinoma in situ showed no clear relation to age (Table 3) . Dividing the detection rate for invasive cancer at first screen (Table 3) by the incidence rate in the active screening group (Table 3) provides an indication of the lead time associated with screening. This ratio was less than 2 in women aged 40-44 years but exceeded 4 in women beyond age 75, suggesting lead time increases with age, and shows the potential influence of first screens on overall rates in the population. During nonactive screening periods in [2005] [2006] [2007] [2008] [2009] (Table 3) , rates of invasive disease were lower in women under age 60 and higher in women over age 70 than population rates in [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] ; in contrast, rates of ductal carcinoma in situ were higher in all age groups in 2005-2009.
Rates of invasive disease in 2005-2009 were higher in the active screening group than in the nonactive screening group for all ages, except for woman more than 80 years old. After the age of 80 years, there was a compensatory drop in rates ( Table 3 ). The estimated cumulative rate of invasive disease for a woman starting screening at age 40 and continuing to age 89 was 137 per 1000, compared with 130 per 1000 among women in the nonactive screening state. Thus, the participation estimate of overdiagnosis is 5.4% (7/130) (17.3% [24/139] when ductal carcinoma is included).
Applying age-specific linear calendar trend rate ratios ( ( between the ages of 60 and 79 years, compared with [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] . Although participation in screening was common among women aged 40-59 years, no sustained increase was seen in this age group. These results suggest that the effect of screening on overdiagnosis may be age dependent.
Rates of invasive disease for active and nonactive screening states were higher in 2005-2009 than in the whole population in 1970-1979, suggesting that the rate of breast cancer had increased because of changes in population risk. Observed trends in invasive cancer incidence in the 1970-1979 prescreening period were modest. Increasing lead time with age, as shown by an increasing ratio between cancer detected at first screen and the incidence rate for active screening, suggests that the time required for a compensatory drop will increase with age. Conversely, the low ratios for women under 50 years of age suggests short lead times and low potential for overdiagnosis, as was seen in a study from Sweden. 10 Long-term follow-up of clinical trials of mammography screening provide the most rigorous method to measure the extent of overdiagnosis. 9 Moss and colleagues 11 reviewed findings from clinical trials and included results on both invasive and in situ disease; no increase was seen in trials where intervention and control groups underwent screening at trial conclusion, whereas increases ranging from 4% to 31% were found in trials where screening did not occur at trial conclusion. These results suggest that the duration of screening may not be an important influence on rates of overdiagnosis.
Several authors have reported on changes in population incidence rates of breast cancer after the institution of screening for the disease. 1, 2, 4, 12 Jørgenson and Gotzsche 3 reviewed trend-based estimates of overdiagnosis, including one from Canada, and derived an overdiagnosis estimate of 52% for invasive cancer alone. The studies included in their review showed large increases in the incidence of invasive breast cancer following the introduction of screening, an effect we did not see in British Columbia.
A review of European studies summarized estimates of overdiagnosis, 13 and companion articles provided commentary on methodology issues [14] [15] [16] in the estimation of overdiagnosis. The European review found that, for estimates considered to be adequately adjusted, overdiagnosis ranged from 1%-10%. These are in agreement with the results we report, because we controlled for biases that have been previously identified. 16 A study from the United States 17 using data from the Surveillance, Epidemiology and End Results (SEER) Program compared population rates of breast cancer over 1976-2008 among women over 40 years of age and found a large increase, with an Note: CI = confidence interval, DCIS = ductal carcinoma in situ. *Used to estimate the detection rate of first screens at age 40 years. †Includes detection rate of first screens at age 40 years, given by the detection rate at age 40-44 years.
overdiagnosis estimate of about 33% for invasive and in situ cancer combined. The estimate of overdiagnosis of ductal carcinoma in situ alone was similar to that found in British Columbia. 17 Adjustment for the effects of time trends, early detection and first screens was limited.
A recent study from Norway 18 was able to identify women who had undergone screening within the population and allow for a compensatory drop. The authors estimated overdiagnosis rates between 10% and 20%, depending on the group under consideration.
Thus, the estimate of overdiagnosis in our study is compatible with the estimates seen in randomized trials and more well-controlled population studies.
Limitations
Several factors should be considered in assessing our study's results. Unlike other studies, we were able to remove the effect of first screens after the age of usual screening initiation. First screens have a high detection rate and can inflate incidence rates. However, the resulting participationbased estimate of overdiagnosis was potentially biased by self-selection for ongoing participation. High socioeconomic status is associated with increased likelihood of screening, 19 as well as with an increased risk of breast cancer, 20 which could produce overestimation of the rate of overdiagnosis. The population-based estimate of overdiagnosis is not subject to selection bias and includes allowance for a compensatory drop; however, it involves the projection of cancer rates over 30 years, which is subject to considerable uncertainty. Population estimates of overdiagnosis are likely to be smaller than participation estimates because of dilution by nonparticipants.
Conclusion
We found a modest association between screening and overdiagnosis of invasive breast cancer after allowing a period of 10 years for a compensatory drop after screening had stopped. Overdiagnosis of invasive disease was confined to screening among women older than 60 years of age. For ductal carcinoma in situ, a period of 10 years may be insufficient, because the lead time may be substantially longer with the likelihood that many identified cases might never lead to invasive cancer. Further research aimed at identifying the time required for the compensatory drop in rates is needed and whether overdiagnosis associated with screening is age dependent. As age increases, both the lead time of screening and the likelihood of competing mortality increase so that the likelihood a woman will survive for the compensatory period declines, and the risk of overdiagnosis increases. It is important to consider the effect of age in discussing screening options with patients and to consider the likelihood of overdiagnosis in the management of ductal carcinoma in situ, especially in older women.
